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s i M y ^ . 
Flooding velocities l̂ere measured for five 
different packings, under both vtetting and non-vietting 
conditions ^ith and viithout the addition of a frothing 
agent, in a 3»75-inch glass column to permit visual ob-
servation. The air-viater system vías used and the results 
plotted according to the Sherwood et al type correlation. 
The results have revealed the importance of a 
number of variables affecting flooding in packed columns 
vihich do not appear to have been considered or included in 
flooding correlations in the past. These variables are:-
(i) Particle surface 'î ettability 
(ii) Particle shape, and 
(iii) Foaming properties of the liquid. 
It is shov9n that non-̂ /ietting packings reduce 
the tendency of flooding ^̂ hile the presence of foam drastic-
ally reduces the flooding velocity and causes irregular 
columjn operation earlier than expected from the existing 
correlation. 
For the experimental conditions employed and 
over the range of liquid and gas rates considered all v^etting 
data are correlated by the expression:-
^here x = 2.5, y = 0 C T ^ 40 dyne/cm. 
and X =: 0 , y = 1 v̂ hen 40 dyne/cm. 
Por non-viettixig condiiiions the data are also 
correlated by a single carve, the resultant l ine , hoviever, 
i s displaced above that f or the \^etting data. 
The results are discussed in terms of existing 
theories of flooding and^to contacting toviers and blast 
furnaces* 
1.0 INTRODUCTION 
Analysis of blgst furnace operation (l-6) in-
dicares that the zone v»here the liquid phases are formed 
and percolate through the solids counter-current to gases 
is one of the important factors vihich sets the limit to 
blast furnace efficiency and productivity. This zone is 
also believed to be responsible for bottom hanging and 
other furnace irregularities ( 7 ) . 
Many investigators (8-13) have suggested that 
hanging is very similar to flooding in absorption tov^ers 
and is caused by flooding of the coke packing \iith slag. 
It is therefore obvious that the physical prop-
erties of slag and in particular its foaminess, (14) are 
important variables v^hich should be considered in any study 
of blast furnace hanging. Furthermore, since slags and 
most liquid metals are non-^/)etting to coke, (15) this 
property, also, must be included in an investigation of 
this type. 
Although a lot of \iork has been reported on flood-
ing in absorption tov^ers (16-18) mostly under v»etting con-
ditions and ^ith regular packings, no investigations have 
been done viith coke packings under non-\^etting conditions 
and in the presence of a frothing agent. 
It Vías therefore considered that a study of flood. 
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i ng under the above cond i t i ons could y i e l d u s e f u l i n f o r -
mation on the gene ra l theory of f l o o d i n g as viell as con-
t r i b u t e t o t he unders tand ing of t he hanging phenomenon i n 
t h e b l a s t f u r n a c e . 
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2.0 THEORETICAL ASPECTS 
2.1 Pressure Drop in Packed Columns. 
One of the significant variables in the operation 
of packed tov^ers is the pressure drop resulting from the 
gas flov«. I f the controlling resistance is in the gaseous 
phase then obviously any increase in gas velocity ^ i l l 
improve the mass transfer vihilst the use of a small size 
packing vfill increase the interfacial area, and f ina l ly , 
in order to obtain good v^etting higher liquid rates v9ould 
be used. All these measures, however, increase the pressure 
drop of the gas flovi. 
The behaviour of a packed column as the rate of 
gas throughput is increased is best described by reference 
to a logarithmic plot of pressure drop versus gas velocity, 
as in Figure (2 .1 ) . 
As shovin in Figure (2.1 ) , the pressure drop for 
the dry packing increases as the 1.8 - 2.0 povîer of the gas 
velocity indicating that the flovi through the packing is 
turbulent. When the column is irrigated viith a lov9 liquid 
rate e .g . L^, the pressure drop r ises , primarily because 
in the irrigated tov»er the free area available to gas passage 
is smaller than in the non-irrigated to\^er. As the liquid 
rate is further increased to L^ an additional pressure drop 
r ise occurs because of a further restrict ion in free cross 
sectional area. 
For a given constaniî liquid rate, e.g. L^, the 
pressure drop increases parallel to that of the dry non-
irrigated packing for a range of gas velocities until a 
certain gas velocity is reached v\ihere the curve deviates 
from a slope of 1.8 - 2.0 to one of about 3-0 - 4.0. The 
gas velocity at vjhich this sudden change takes place is knovin 
as the lovier break point. If the gas velocity is further in-
creased the pressure drop again rises fairly rapidly until 
the second critical gas velocity is reached after v̂ ihich the 
smallest of increases in gas velocity viill cause the curve 
to turn almost vertically upv^ard. This second critical point 
is knoî n as the upper break point. Y/hite (19) defined the 
lov^er and upper break points as the loading and flooding 
points respectively. 
It is v̂ orth noting that Shavrin et al (2), ̂ ĥo 
used slag as the melting material, obtained exponents on 
the gas velocity as lov» as 1.4. Lack of pertinent measure-
ments, however, by these authors precluded them from explain-
ing their observation. The lov) readings could be due to the 
non-vietting nature of the slag for the packing. Also, 
Schräder (20) obtained exponents of the gas velocity of 1.9 
belovi the loading point, 2.9 for the loading zone and 9.3 
for the flooding region. 
The Schräder pressure drop equation is:-
4 P = o.G^B^ (2.1) 
H 
vihere ' n ' and 'm' vary according to the gas flov? rate . 
Morton, King and Atkinson (21) have shov^n that the pressure 
drop-gas rate re lat ionship f o r tvio-phase counter-current 
flo\^ can be predicted on the basis of the Zozeny - Carman 
equation: -
( logarithmic p l o t ) A P . g . 6 ^ = O./JL (2 .2 ) 
In using this equation i t i s part i cu lar ly important to allov? 
f o r l iqu id hold-up vihich a f f e c t s not only the porosity of the 
bed but also the e f f e c t i v e gas path length. It should also 
be used only f o r the non-loading region. 
The data of Lubin (22) has been correlated into 
an empirical equation in the form:-
P = oC X l0P^.]!f (2 .3 ) 
a 
in v^hich and yfl are constants character i s t i c of the in -
dividual packing. 
Ergun ( 2 3 ) found that pressure losses are caused 
by simultaneous k inet i c and viscous l o s s e s , and the follo^/jing 
equation i s applicable f o r a l l types of f lov i : -
AP.g^ = 150 (1 + 1.75 (1 ~ ( 2 . 4 ) 
The above equation has been derived from the point of vievi 
of i t s dependence upon flov? rate , properties of the f lu ids 
and f rac t i ona l void volume, or ientat ion , s i z e , shape and 
surface of the granular so l ids and should therefore be 
capable of predict ing pressure drops viith reasonable accuracy. 
2.2 Liquid Hold-Up in Packed Golamna 
Three types of l iquid hold-up have been discussed 
in "the l i t e r a t u r e — 
( i ) the t o t a l hold-up, h^, defined as the t o ta l l iquid in 
the packing under operating conditions and is usually ex-
pressed as f t ^ of l i qu id per f t ^ of packing. 
( i i ) the s t a t i c hold-up, h^, defined as the l iquid in the 
packing vihich does not drain from the packing vjhen the 
l iqu id supply to the column is discontinued ( f t ^ l iquid / 
f t ^ packing). 
( i i i ) the operating or dynamic hold-up, hj^, i s the d i f -
ference betvieen the t o t a l and s t a t i c hold-ups and represents 
the l iquid vihich vi i l l drain from the packing and is also a 
measure of the l iquid floviing through the packing vihen the 
column i s in operation ( f t ^ l iquid / f t ^ packing). The r e -
l a t i o n bet̂ ^ êen the three hold-ups i s given by : -
h^ = hg + hĵ  ( 2 .5 ) 
Where the gas rate i s by far the larger and most important 
of the tv«o f l u i d s , e . g . b last furnace, another type of hold-
up may be expected and that i s gas hold-up, h^, defined as 
the l iqu id hold-up entrained in the packing by the gas 
alone. Total hold-up may then be defined as the sum of the 
s t a t i c , dynamic and gas ho ld -ups : -
^ = ^ + h^ (2 .6 ) 
Extensive studies of l iqu id hold-up have been made by 
H = H./Íí^-^ /aJ^'^^-J" (2.8) 
Elgin and Weiss (24), Jesser and Elgin (25), Shalmann et al 
(26), and Gardner (27). 
Jesser and Elgin proposed an empirical equation 
"to predict hold-up in a packed column viith viater as the 
liquid phase:-
H^ = bL^ (2.7) 
As the hold-up ^as found by Jesser and Elgin to vary vjith 
the physical properties of the liquid they proposed the 
folloviing equation:-
. ^0.1 0.78 . 
v̂j/s ^ S (TB 
While the literature deals mainly v?ith regular packings, 
Gardner investigated liquid hold-up for "non-v9ettable" coke 
particles. The coke size ranges viere: i - i inch, i - f 
inch and f - 1 inch. Gardner's equation for liquid hold-
up for irregular non-viettable packings is given as:-
H = Hg + Hj, + K^h^ + (K^ + K^Vp (2.9) 
(1 - h)^/^ 
Morton, King and Atkinson (21) have presented equations to 
predict hold-up at any liquid rate for three types of pack-
ing using the air-viater and air-chlorobenzene systems. 
Packing shape vías considered a major factor in the correla-
tion. Shulmann et al (26) also carried out an extensive 
study of total, static and dynamic hold-ups \iith air-\'̂ ater 
and air viith aqueous and non-aqueous solutions. The physical 
properties of the solutions viere varied as follo¥)s:-
v i s c o s i t y 0.6 to 185 cp, surface tension 23 to 86 dyne / cm 
and s p e c i f i c gravity 0.8 to 1.32. A number of d i f f e rent 
packings v^ere used and equations f o r estimating dynamic and 
s t a t i c hold-ups f o r each packing are presented. 
Standish (28) shovied that the dynamic hold-up, 
hp, i s independent of packing shape and the nature of the 
sur faces , but depends on l iquid physical propert ies . Stat ic 
hold-up, h_, on the other hand i s a function of both pack-
ing shape and nature of the so l id surfaces and l iquids (59) 
He also shov^ed that in viev« of his resul ts of the mobil i ty 
of h , the term needed r e d e f i n i t i o n (60 ) . s ' 
Prom the v^ork of the invest igators mentioned here 
and that of others considered elsevqhere (29,30,31 ) may 
be concluded that the analysis of hold-up and of i t s s i g n i -
f i cance to packed bed operation is reasonably complete. 
Hov^ever, the recent viork of LeG-off (32) and his associates 
and that vihich is s t i l l in progress may change th is con-
c lus ion . 
2.3 Loading and Flooding of Packed Columns. 
Whereas the height of an absorption tovier deter-
mines i t s absorption e f f i c i e n c y , the cross sect ion determines 
the capacity or the quantity of gas v^hich can be treated. 
For design purposes i t i s obviously important to have in -
formation on the allo^/)able gas and l i quor rates per square 
f o o t of -to'^er cross sec t i on . 
In packed tov^ers the ggs and liquid rates are 
limited by the tendency of the column to flood. As either 
liquid or gas velocity is increased, the liquid hold-up in 
the packing increases, the free area for gas flov̂  decreases 
and the pressure drop through the column increases. A 
point is finally reached vihen the gas bubbles violently 
through the liquid, the pressure drop rises extremely sharp-
ly viith the slightest increase in gas velocity and much 
liquid is carried off mechanically by the gas leaving the 
top of the packing. This point is called the "flooding 
point" and under otherv^ise similar conditions is determined 
by both gas and liquid rates. At any given gas rate there 
is a definite liquid rate above vjhich the column viill flood. 
Similarly at any given liquid rate there is a definite gas 
rate above vihich the column vjill flood. 
The capacity of a fractionating coliimn is defined, 
according to Peters (33), as the measure of the amount of 
vapour and liquid vihich can be passed counter-current to 
each other in a column vjithout causing the column to load 
or prime. 
It v̂ as also noted by Mach (34) that there are in 
general tvjo critical gas velocities for a given liquid rate. 
White (18) as mentioned earlier, defined the tvio critical 
points of Mach as the loading and flooding points as shovin 
in Figure (2.1). Flooding velocities are a function of the 
l iquid and gas rates , the physical properties of the tvio 
f lu ids and the characterist ics of the packing material» 
Zenz (35) , a f ter revieviing the l i terature has 
come to the conclusion that a logarithmic plot of pressure 
drop against gas ve loc i ty should be dravin as a smooth curve 
and not as White (19) has proposed as three distinct 
straight l ine segments. Zenz (36) also presented a theory 
of f looding vihich is based on an analogy of the flov? of 
f lu ids through valves and o r i f i c e s . 
The actual f looding point or velocity has been 
defined by Uchida and Pujita (37) and Sherviood, Shipley and 
Holloviay (16) as the gas ve lo c i ty , f o r a given liquid veloc-
i ty at Vihich a s l ight splashing of l iquid at the top of the 
packing is f i r s t observed. Elgin and Weiss (24) define the 
f looding ve loc i ty as the gas ve loc i ty at vihich a l iquid 
layer of given thickness builds up on top of the packing. 
Other visual f looding points have been used by Sarchet (38) 
and Schoenborn and Dougherty (39) as the gas veloc ity 
necessary to build the l iquid leve l up to a height of half 
an inch above the packing. Some viriters claim that the 
graphical method of determination of the flooding point, 
proposed by White is the true f lood point although visual 
f looding as defined by Sarchet and Schoenborn and Dougherty 
vías found to coincide very c losely v^ith flooding as deter-
mined by graphical methods. 
One of "the earlier generalized methods for the 
correlation of flooding data vjas proposed by Sherwood, 
Shipley and Hollo\'̂ ay (l6) vjho investigated the effect on 
flooding velocities of the physical properties of the gas 
and the liquid in a small tô îer vjith a single packing. Dry 
-J--inch carbon Raschig rings v̂ ere dumped into a 2-inch glass 
tovier to a height of approximately 4-feet. Carbon dioxide, 
hydrogen and air v̂ ere passed counter-current to \Mater to 
determine the influence of the gas density upon flooding 
velocities. Another series of runs vias made \iith aqueous 
glycerol and air to determine the effect of liquid viscosity. 
The viscosity of the liquid vías measured by calibrated 
capillary tube viscometers. Investigation of the surface 
tension effect v9as carried out by adding butyric acid to 
^^ater, causing a tvio fold variation in the surface tension 
of the solution. Various mixtures of methanol and \'jater 
Viere used in v^hich the surface tension varied threefold. 
Half inch Berl saddles ^̂ ere also used in place of the orig-
inal Raschig ring packing and flooding velocities ^̂ ere de-
termined \̂ ith air and vjater. 
The basis of the Sherviood et al correlation vías 
a logarithmic plot of:-
V^.a = L (2.10) 
By accounting for the gas and liquid densities, vjhich meant 
Figure 2.2 Correlation of Flooding Data f o r Packed 
Columns (a f ter Sherviood et a l ) . 
mul t ip ly ing the o rd ina te by ( / ^ q / ^ ) and the absc issa by 
they Viere able to br ing the l i n e s , as viell as 
t h e i r cu rva tu res , i n to coincidence . Liquid v i s c o s i t y v9as 
l ikevi ise included i n the o rd ina te by t he inc lus ion of the 
t e r m ^ ^ ^ ^ * ^ . The f i n a l p lo t i s given in Figure (2*2). The 
s u r f a c e t en s ion of the l i q u i d had very l i t t l e e f f e c t on 
f lood ing even though a t h r e e f o l d v a r i a t i o n had been made. 
The f i n a l c o r r e l a t i o n of Sherviood, Shipley and Hollo\iay i s : -
j P ' ^ = L (2.11) 
E lg in and Weiss (24) s tudied the e f f e c t of a viide range of 
a i r and v«ater r a t e s , inc lud ing the f looding zone, on the 
ope ra t ion of a 3- inch diameter g l a s s tovier success ive ly 
f i l l e d mlth fou r types of packings, namely ~ i - i n c h Ber l 
s add l e s , f - i n c h clay Raschig r i n g s , i - i n c h clay and i - i n c h 
p o r c e l a i n s add le s . The packing he ight in a l l runs vias 
4 .67 f e e t . Flooding data vierepresented, f i r s t l y as the 
square root of the gas v e l o c i t y aga ins t tha t of the l i q u i d , 
on r e c t a n g u l a r co -o rd ina t e s , i . e . 
(Uq)* = {LjOj^)^ (2 .12) 
t o give a s-braight l i n e f o r any one packing with a l l a v a i l -
ab le data and o f f e r s a u s e f u l method of comparison and in te r -
p o l a t i o n . The second c o r r e l a t i o n vias s imi l a r t o t h a t of 
Sherviood et a l and i s p lo t t ed on loga r i thmic c o - o r d i n a t e s : -
^ ^ • a = ^2.13) 
^ k 
Sarchei i (38), u s i n g 1 - i n c h , ^- - inch c l a y Rasch ig r i n g s and 
1 - i n c h r i b b e d c a r b o n r i n g s , o b t a i n e d f l o o d i n g d a t a f o r t h e 
a i r - v 9 a t e r sys t em u s i n g an S^'^'^^^inch d i a m e t e r column. De-
t e r m i n a t i o n of t h e f l o o d i n g v e l o c i t y vjas made bo th by v i s u a l 
and g r a p h i c a l m e t h o d s . 
Schoenborn and Dougher ty (39) p r e s e n t e d f l o o d i n g 
d a t a f o r f i v e commercia l p a c k i n g s u s i n g a i r vi i th via ter and 
vi i th tv90 o i l s , c o v e r i n g a r ange of k i n e m a t i c v i s c o s i t i e s 
f rom 1 t o 38 c e n t i s t o k e s . One i n c h c a r b o n s p l i n e d r i n g s , 
1 - i n c h ce ramic r i n g s , - l - i n c h p o r c e l a i n r i n g s , ¿ - i n c h B e r l 
s a d d l e s and -¿--inch c a r b o n r i n g s viere employed i n an 
i n c h d i a m e t e r g l a s s column t o p e r m i t v i s u a l o b s e r v a t i o n . 
Bo th S a r c h e t and Schoenborn and Dougher ty p r e s e n t e d t h e i r 
r e s u l t s i n t h e f o r m : -
l o g . = l o g . (L^/G) ( 2 . 1 4 ) 
as s u g g e s t e d by C o l b u r n ( 4 0 ) . T h i s method has t h e d i s a d v a n -
t a g e t h a t i t l a c k s g e n e r a l a p p l i c a b i l i t y s i n c e i t does no t 
t a k e i n t o accoun t v a r i a t i o n s i n t h e c h a r a c t e r i s t i c s of t h e 
p a c k i n g s o r of t h e p h y s i c a l p r o p e r t i e s of t h e f l u i d s . 
Schoenborn and Dougher ty d i d , hov^ever, i n c l u d e a t e r m , V^, 
t o t a k e i n t o a c c o u n t t h e l i q u i d v i s c o s i t y and t h i s vjas r a i s e d 
t o t h e povier "n" v^hich v a r i e d f rom 0 . 1 2 t o 0 . 3 3 depend ing on 
t h e p a c k i n g u s e d . The f l o o d i n g d a t a viere t h e n p l o t t e d a s : -
l o g . (G .vV4>) = l o g . ( 2 . 1 5 ) 
S a r c h e t a l s o p r e s e n t e d tvio e m p i r i c a l e q u a t i o n s 
f o r p r e d i c i i n g f l o o d i n g v e l o c i t i e s f o r s i z e s of r i n g s and 
s o l i d s f o r ^ h i c h t h e r e viere no d a t a . They v ie re : -
= f o r R a s c h i g r i n g s ~ ( 2 . 1 6 ) 
1+0.164(L / G p P 
and 
( ^ p / f ) ^ = f o r b roken s o l i d s ( 2 . 1 7 ) 
1+0.164(L / G p ) ^ 
S a r c h e t s u g g e s t e d t h a t i t should be p o s s i b l e t o make t h e 
above f o r m u l a e a p p l i c a b l e t o sys tems h a v i n g l i q u i d d e n s i t y , 
v i s c o s i t y and s u r f a c e t e n s i o n d i f f e r e n t from t h a t of v^ater . 
The above e q u a t i o n s do not i n c l u d e pack ing c h a r a c t e r i s t i c s 
and a r e t h e r e f o r e of l i m i t e d a p p l i c a t i o n . Hovjever, t h e i r 
s i m p l i c i t y maybe u s e f u l f o r o r d e r of magni tude c a l c u l a t i o n s . 
No s a t i s f a c t o r y e x p l a n a t i o n had been developed p r i o r t o 1942 
t o e x p l a i n t h e f l o o d i n g phenomena. B e r t e t t i (41) hoviever, 
i n t h a t y e a r p u b l i s h e d h i s " q u a n t i t a t i v e t h e o r e t i c a l mechanism" 
e x p l a i n i n g t h e f l o o d i n g phenomena i n packed columns. B e r t e t t i ' s 
p roposed e q u a t i o n d e f i n i n g t h e f l o o d i n g v e l o c i t y f o r dumped 
p a c k i n g m a t e r i a l s of s i m i l a r ( s m a l l ) s i z e t ook t h e fo l lov^ing 
f o r m : -
= ^ „ ( 2 . 1 8 ) 
a 
I f B e r t e t t i ' s e q u a t i o n i s a p p l i c a b l e t o a l l d a t a , v a l u e s of 
v^hen p l o t t e d a g a i n s t v a l u e s o f ^ - ^ U ^ ^ / ^ 
shou ld r e s u l t i n a s t r a i g h t l i n e f o r each d i f f e r e n t p a c k i n g . 
Such a p l o t , however , g i v e s n o n - l i n e a r c o r r e l a t i o n s and a 
separai ie curva i s n e c e s s a r y f o r each d i f f e r e n t v i s c o s i t y . 
T h i s i n d i c a t e s t h a t t h e v i s c o s i t y e f f e c t terms i n the 
B e r t e t t i equa t i on ( 2 . 1 8 ) a r e not a p p l i c a b l e . 
F u r t h e r f l o o d i n g da ta have been obtained by Bain 
and Hougen (42) viho measured f l o o d i n g v e l o c i t i e s vvith t h r e e 
o i l s viith v i s c o s i t i e s of 2, 5 .5 and 12 c e n t i p o i s e s , on t h r e e 
gases r e p r e s e n t i n g a viide range of d e n s i t i e s , namely a i r , 
hydrogen and carbon d i o x i d e v«ith f i v e d i f f e r e n t p a c k i n g : -
• | - i nch and 1 - i n c h Raschig r i n g s , 1 - i n c h and l i - i n c h B e r l 
s a d d l e s and i - i n c h s i n g l e t u r n v»ire h e l i c e s . The use of a 
g l a s s tov«er i n d i ame te r ) permi t ted v i s u a l ob-
s e r v a t i o n of flovi and f l o o d i n g c h a r a c t e r i s t i c s . 
Prom t h e above viork i t v»as concluded t h a t f l o o d i n g 
v e l o c i t y i n a packed column should be e s t a b l i s h e d from 
measurements of t h e upper b reak po in t i n the p r e s s u r e drop 
gas v e l o c i t y curve as proposed by White and not from t h e 
v i s u a l appearance of t h e tov^er i n o p e r a t i o n . I n the c o r r e l a -
t i o n of da ta of f l o o d i n g v e l o c i t y Bain and Hougen used the 
g roup ing of v a r i a b l e s proposed by Sherviood et a l . The 
fo l lov i ing equa t i on v^as found to f i t t h e exper imenta l da ta 
Viith an average d e v i a t i o n of í 
l og . (U( j2 . a . ( g ) . 0 . 1 6 ) ^ b - 1 . 7 5 (2 .19 ) 
( ? C — ) J i y r ) 
( g ( ) (G) 
vihere b = 0 .022 f o r Raschig r i n g s and viire h e l i c e s 
and b « 0 .260 f o r B e r l s a d d l e s . 
In the above equations (2.18) and (2.19) the e f fect of 
variations in the packing characteristics is allO)?ied for by 
the incorporation of the packing factor , a/P^* ie. as in 
the equation (2.11) of Sherwood et a l . Although equation 
(2.19) i s superior to that of Shervtood et al in that the 
scatter of data has been reduced, this v»as achieved at some 
sacr i f i ce of simplicity and viithout any gain of theoretical 
understanding. Therefore, aside from some spec i f i c practical 
applications, correlations such as equation (2.19) can hard-
ly be regarded as enlightening. 
The vihole question of the correlation of flooding 
rates for gas-liquid systems v»as reviewed by Lobo, Friend, 
Hashmall and Zenz (17) v»ho expressed a preference for a 
graphical correlation based on that of Sherviood et al rather 
than an equation of the type proposed by Bertetti , (equation 
2 . l 8 ) . It v»as argued that to have a correlation based on a 
function vfhich is the sum of tvio or more functions vias uxw 
desirable vihen extrapolating such an equation into regions 
not covered by the original data, i t may be possible for the 
relative magnitude of the terms to change in such a manner 
as to give negative values for the flooding velocity. Por 
this reason Lobo et al (17) decided to avoid equations of 
the above type ( 2 . l 8 , 2.19) and concentrate on a correlation 
of the Sher^iood et al type as i t vias f e l t that such a 
correlation could be extrapolated into unexplored regions 
ifith greater confidence. They found, hoviever, thai; con^ 
siderable scatter occurred on plott ing the published data 
by the method of Sherwood et a l . The trend of data indicated 
that Sherwood's et al l ine was too high at large values of 
L/G Q̂® low at the low values. Moreover 
the wide scatter of the points indicated that the deviations 
were large and the correlations errat i c . This was consid-
ered to be due mainly to variations in the packing factor , 
a/P^, which was not measured d irect ly under working condi-
tions by the majority of investigators including Sherwood 
et a l . The best values f o r a/P^ were derived by Lobo et al 
by a t r i a l and error method in which the data were f i t ted 
to the correlat ion. Actual measurements of superf ic ial area 
and voidage were also carried out f o r a number of packings. 
I t should be noted that the recommended values of a/F^ often 
d i f f e r considerably from the manufacturer's values. 
From the work of Lobo et al i t has been shown that 
the use of the correct values of surface area and free voids 
i s necessary to obtain a good correlation of flooding 
ve loc i ty in packed columns. 
Dell and Pratt (43) proposed a theoretical equation 
to correlate f looding data for packed liquid extraction 
columns. With s l ight modification they were able to apply 
the equation to the gas-liquid system. The f inal form of 
the equation , while basical ly similar to Ber te t t i ' s equation, 
allowed f o r variations in the physical properties of the 
system and therefore should be more widely applicable. 
The f inal equation of Dell and Pratt 's was:-
1 + C 1 
y i ) 
= c . 
0 . 3 6 ] • ( i ! 
(2.20) 
When the value of the group in the square brackets on the 
L.H.S. of the above equation (2.20) is large the term unity 
can be neglected and by inspection this expression then re-
duces to the form used by Sheî viood et a l . 
The data of Bain and Hougen and Schoenborn and 
Dougheirty títere plotted by Dell and Pratt according to their 
equation (2 .20) . It vias found that the data of Schoenborn 
and Dougherty for viater and for various viscous o i ls v?ere 
spread more viidely than i/»as expected. Although Dell and 
Pratt found that the spread could be reduced by incorporating 
the term into the abscissa to take into account the 
surface tension of the l iquids, this term vias omitted on the 
grounds that Sherv»ood et al found the ef fect of surface 
tension to be negl igible . The correlation of Dell and Pratt 
although lacking in some aspects does have the advantage of 
some theoretical basis, and i t should therefore be possible 
to extrapolate ^ith more confidence to lov»er values of the 
abscissa, vihich vfould be particularly useful in connection 
^ith blast furnace investigations. 
Lerner and G-rove (44) investigated the mechanism 
of loading and flooding in packed columns using five 18-
inch sections in a 6-inch diameter cast iron pipe. The 
packings ^ere, 1-inch clay rings, 1-inch porcelain saddles 
and f--inch saddles. Limiting flovi correlations viere presen^ 
ted for each packing for both loading and flooding conditions 
e .g . for i-inch Raschig rings:-
for loading, G^ = 610 (l- O.OSIL^^"^^'') (2 .2l ) 
( 15-05 ) 
for flooding, G^ = 1019 (l- ) (2 .22) 
j 14.59 j 
The advantage of the above equations over the usual Sherv»ood 
at al correlation is that if either the gas or liquid rate 
is knovin the limiting flovi rate for that condition can be 
obtained immediately vihereas Sherviood et al correlation 
requires either a knovin value of Gr̂  or a knovin ratio of 
LQ to G Q . NO allo\iance, hoviever, is made in equations ( 2 . 2 L ) 
and (2 .22) for packing characteristics or changes in physical 
properties of the fluids. As vtas the case viith most other 
investigators before them, Lerner and G-rove did not consider 
surface tension presumably because the prevailing opinion 
v«as that this liquid property ^as not important in flooding. 
In order to clarify the position on the effect of 
liquid surface tension on the flooding velocity Neviton, 
Metcalfe and Mason (45 ) , using a 4-inch diameter column viith 
Figure 2.3 Effect of Liquid Surface Tension on 
Flooding Velocity shovin on a Sherv̂ ood 
type plot (after Nekton et al). 
FLOOWNG VELOCITIES 
rtl MCTIM •• l/t !•. •CKL SAOBLCt la • 
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Figure 2.4 Modified plot of Flooding Velocity 
Including a Surface Tension Term 
(after Nekton et al). 
a seven foot section of -^-inch Berl saddles, measured flood-
ing velociiiies for air-aqueous sterox solutions. The surface 
tensions ranged from 32-72 dyne/cm. and both ionic and non^ 
ionic surface active agents viere used. The authors corre-
lated their results by the equation of Sherv̂ ood et al. It 
Vías found that the variation of the surface tension of the 
liquid caused by the addition of certain surface active 
agents to viater had a marked effect on the flooding velocities. 
In fact, as shown in Figure (2.3) a series of Sherviood et al 
curves v̂ ere obtained for liquids of different surface tension. 
By including a surface tension factor in the abscissa all 
data could be made to lie on a single curve. The factor 
included in the Sherviood et al relationship to achieve co-
incidence of data v̂ as the cube of the ratio of surface ten^ 
sion of vfater to that of the solution i.e. ((Ĵ /cr)̂  measured 
in dyne/cm. The authors also found that liquids of the 
same surface tension did not necessarily exhibit the same 
flooding characteristics, and that flooding vías a function 
not only of surface tension but also of a number of other 
factors including foaminess and foam stability. Neviton et al 
hoviever, neither defined nor quantitatively accounted for 
these parameters, but presented their results as a graph 
vihich, as shovin in Figure (2.4) included a surface tension 
term in the abscissa. 
A generalized theoretical equation relating the 
1 
I 
Figure 2.5 Couniîer-carrenl; Plov» in a Packed Colxmn< 
floví rates of the phases at the flooding point has been 
derived by Sakiadis and Johnson (46) and unlike previous 
theoretical derivations i t at least acknoviledges that 
surface tension is a variable« 
The theoretical equation of these authors vías 
based on a consideration of tvio points arbitrarily located 
a distance "h" apart in a column, Figure (2 .5) . Applying 
Bernoulli 's theorem separately to each phase, y i e lds : -
^ + WQ = Z^ + U^̂  + P^ (2-23) 
and 
(2.24) 
The following limitationa vtere aasumed - WQ = 0, ^ ^ 
= A ' / 1 ) 1 = /? )2 = = ^̂ ^ - = 
Equations (2.23) and (2.24) then simplify to : -
P2 = V ^ c - ^ V c 
and Pg " ^ 
The terma and P^ are identical in equationa (2.25) and 
(2.26) and combining terms g ives : -
^^o-ft^^ = (2.27) 
and since^Pjj^Q ^ ^ i / d = ^^D equation 
(2.27) reduces t o : -
= A P c - ^ A P D (2.28) 
i 
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The pressure drop can be expressed in the usual friction 
equation of turbulent flov« - the Panning equation» 
Most of the theoretical derivations of flooding 
correlations have been based on Bernoulli's theorem but 
as this is only applicable to ideal situations it had to 
be modified in order to be of use in actual counter-current 
packed column operation. In some cases the modifications 
are complex, incorporating many variables not required in 
simpler fluid flovi processes. The above viorking and brief 
derivation v»as the basis of the correlation proposed by 
Sakiadis and Johnson. The derivation becomes complex, but 
the final correlation for packed tovier flooding is:-
(2.29) 1 + 0.835 .irs Í 
The constant Op is a function of superficial area of pack-
ing, fraction of voids and interfacial or surface tension. 
The different packing materials, such as Raschig rings and 
Berl saddles have different relationships for Cp.Berl saddles, 
v^hich, of course, pack viith a relatively open structure viere 
more efficient and gave higher flooding rates than Raschig 
rings. 
Hovtkins and Davidson (47), (48), (49) conducted 
experiments viith liquid films running dov«n the outside of 
a vertical tube (47) and vertical string of spheres (48) 
(49). Figure (2.6)a and b illustrates the forces involved 
in t h i s aystem and being of a fandameniial nature these 
f o r c e s viould also be expected to operate in a packed column. 
Prom the re su l t s obtained i t \nas shovin that loading in pack-
ed toMers i s caused by the formation on the l iquid f i l m of 
standing viaves supported by pressure gradients viithin the 
gas stream. These pressure gradients are due to the accel -
erat ion of the gas as i t passes up through regions of the 
packing vihere the flovi area i s contracting. 
In the b a l l and tube system a viave i s formed just 
belom the equator of each b a l l oviing to the pressure gradient 
Viithin the a i r stream as i t acce lerates through the narroviing 
gap betvieen the b a l l and the tube. I n t e r f a c i a l shear and 
sur face tension appear to be of secondary importance. 
The s i m i l a r i t y betvieen the character i s t i c of the 
b a l l and tube system and those of randomly packed toviers 
suggests that loading in the l a t t e r i s also due to viave 
formation. With t h i s concept of loading, Howkins and 
Davidson derived a corre la t ion to predict loading in packed 
columns, v i z : -
1 (»2» 1 . 1 - B 
* 'w 
vihere A and B are functions vihich are given in terms of the 
packing dimensions. Based on experimental resu l t s and viith 
the packing c h a r a c t e r i s t i c s accounted f o r , the above equation 
( 3 . 30 ) might be expected to also predict loading in packed 
columns, a t l e a s t f o r c o n d i t i o n s of complete v«ett ing. 
An i n t e r e s t i n g i n v e s t i g a t i o n vias r e c e n t l y con-
ducted by Coughlin (50) viho observed t h e e f f e c t of l i q u i d 
packing s u r f a c e i n t e r a c t i o n on f l o o d i n g i n packed columns. 
The pack ings , v«hile a lmost g e o m e t r i c a l l y i d e n t i c a l , vfere of 
d i f f e r e n t m a t e r i a l s , namely, ce ramic , Saran and p o l y e t h y l e n e . 
The a u t h o r p r e f e r r e d t o focus h i s a t t e n t i o n on t he n a t u r e of 
t h e packing m a t e r i a l i t s e l f r a t h e r t h a n t o i n v e s t i g a t e 
geometry . I t v«as observed t h a t l i q u i d l oad ing occurs more 
r e a d i l y i n t h e case of t h e polymer ic packing m a t e r i a l s and 
i t appears t h a t t h e u sua l type of c o r r e l a t i o n ( 2 . 1 ) i s i n -
adequa te f o r p r e d i c t i n g l o a d i n g vihen polymeric pack ings , vthich 
a r e c h a r a c t e r i z e d by t h e i r l a c k of v ^ e t t a b i l i t y , a re employed. 
F looding da t a f o r t h e d i f f e r e n t types of packings 
have been p resen ted i n t h e form used by Leva ( 2 2 ) , vihich, 
by i n s p e c t i o n of e q u a t i o n (2 .31 ) i s very s i m i l a r to t h a t of 
Sherviood's e t a l : -
^ = L . ( 2 . 3 1 ) 
I t ^as observed t h a t poor v»etting of t h e packing by t h e 
l i q u i d brought about g r e a t e r tendency tov^ard l o a d i n g and 
t h a t t h i s phenomenon i s fundamenta l ly d i f f e r e n t from t h e 
i n c r e a s e d f l o o d i n g tendency caused by t h e a d d i t i o n of a 
s u r f a c e - a c t i v e agent t o a system i n vihich t h e packing i s 
a l r e a d y viell v»etted. 
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Figure 2.7 Dynamic Hold-up for Wetting and Non-Wetting 
Packings. C^^f ^^ ) 
Results of Le Goff (32) on static and dynamic hold-
up f o r non-getting and netting packings are illustrated in 
Figure (2 .7 ) . While these data agree viith Coughlins for 
stat ic hold-up, in that i t is lovjer f or non-vietting packings, 
they d i f f e r f or dynamic hold-up. Le Goff has shovjn that 
dynamic hold-up value is also lov^er f o r non-vietting packings, 
vihereas Coughlin reports that dynamic hold-up is independent 
of the surface characteristics of the packing* It should be 
noted, that vihile Standish (28) had reported dynamic hold-up 
to be independent of packing surface, his investigation v«as 
carried out over a very small range of liquid rates viith the 
result that any difference in dynamic hold-up for netting 
and non-getting packings could not be distinguished. Prom 
his results, hov»ever, i t is suggested that i f a voider range 
of liquid rates had been employed i t viould have shovin dynamic 
hold-up to be lov^er f o r non-vietting packings and hence 
supporting the vjork of Le Goff. Le Goff divided the dynamic 
hold-up into three types, namely, drops, rivulets and films. 
Eivulet flovi is by far the main type of dynamic hold-up for 
non-v«etting packings v»hile for vietting packings film flovi is 
by far the major type of dynamic hold-up. Prom the vnork of 
Le Goff (32) and that of Hopkins and Davidson i t is clear 
that under otherwise identical conditions the flooding 
ve loc i t ies in v»etting and non-v^etting systems should be 
d i f ferent . Pinally, i f Hovikins and Davidson and Sakiadis 
and Johnson t h e o r e t i c a l equa t ions ( 2 . 3 0 ) ana (2 .29) a r e 
r e a r r a n g e d , t a k i n g i n t o c o n s i d e r a t i o n t he f a c t o r s contained 
i n t h e c o n s t a n t s , and comparing i t v^ith t h e empi r i ca l 
e q u a t i o n (2 .11 ) of Shei^ood et a l , i t can be seen t h a t t he 
same v a r i a b l e s appear i n both t h e a b s c i s s a and o r d i n a t e , 
t h a t t h e i r r e l a t i v e e f f e c t i s s i m i l a r and the apparent l a c k 
of co inc idence probably r e f l e c t s d i f f e r e n c e s betv^een the 
p l o t s of t h e v a r i o u s i n v e s t i g a t o r s . Some of t h e d i f f e r e n c e s 
could be due t o t h e f a c t t h a t Hovikins and Davidson equa t ion 
f o r example ^as de r ived f o r l o a d i n g vihereas Sherv?ood et a l 
equa t ion i s f o r f l o o d i n g . 
The rear rangement i n d i c a t e s , hov^ever, t he e x i s t e n c e 
of an unde r ly ing t h e o r e t i c a l b a s i s f o r Sherviood e t a l em-
p i r i c a l e q u a t i o n . 
2.4 F a c t o r s I n f l u e n c i n g F lood ing . 
The f a c t o r s i n f l u e n c i n g f l o o d i n g can, i n g e n e r a l , 
be d iv ided i n t o tvio g r o u p s : -
( i ) t h e packing p r o p e r t i e s , and 
( i i ) t h e f l u i d p r o p e r t i e s . 
2 .41 The Packing P r o p e r t i e s 
( i ) Packing d i s t r i b u t i o n arrangement or o r i e n t a t i o n . 
( i i ) P o r o s i t y - Wall e f f e c t 
( i i i ) Shape of packing u n i t s 
( i v ) Nature of packing s u r f a c e - v^etting o r non-v«etting 
and roughness . 
It is viell knov«n that packings dumped into a tovfer 
distribute themselves in an extremely irregular manner, 
particularly vtith large sizes of packing in a small tov^er. 
It is impossible to pack a to^er tv^ice in succession in such 
a ^ay as to obtain the same pressure drop, although a l l con-
ditions are apparently kept constant. This of course only 
applies to dumped packings and not to stacked packings vthich 
should be able to be repacked to give the same results. It 
Viae found by Rose and Higby (19) that changes of 20 per cent 
or more in pressure drop might occur on successively repacking 
the same tovier viith the same rings. The greater the packing 
size f o r a given tovier diameter, the more marked is this 
e f f e c t , but for large tov^ers viith small packings this is 
perhaps negl igible , or at least viithin the limits of other 
experimental errors. As no alloviance has been made for 
packing orientation in flooding correlations, since this 
property is extremely d i f f i c u l t to assess, i t is not sur-
prising to find some discrepancy of results among the various 
investigators. 
Probably one of the most important parameters in 
a packed bed is porosity i . e . the proportion of free space 
or voids in the bed. Porosity is directly related to bed 
density and it depends markedly on the method of charging 
the column. I f the particles are dumped rapidly, a less 
dense bed is l ike ly to result than i f the bed is f i l l e d more 
slovily. The slo^^er packing permits each particle to arrange 
itself in iihe mosi; stable position. The condition of the 
particle surface also has an effect on packing density. 
Particles viith appreciable surface roughness viill have a 
tendency to bridge vihile falling. The particles then form a 
looser and possibly less homogeneous bed. Haughey and 
Beveridje (5i) claim that particle shape and size distribu-
tion are the tvio factors most likely to affect packing 
structure and its properties. Particle shape viill affect 
voidage and irregular shaped particles ^ill produce a bed 
of higher voidage than more rounded particles. 
The viall effect vihich is normally correlated in 
terms of D^/D^ i.e. a ratio of particle diameter to column 
diameter, describes the condition of packed bed density near 
the v«all of the column. Ov9ing to the curvature of the 
column viall, particles of a given size, in most cases viill 
not be able to approach the v̂ all as closely as if the viall 
viere flat. The higher voidage frequently created by the v»all 
effect may be appreciable. Generally it has been common to 
neglect v̂ all effect for Dp/Î Q less if although recently 
(52) there has been some doubt about this value. 
The effect of particle shape has both a direct 
and indirect influence on packed column operation. Since 
particle shape affects bed voidage and because the latter 
has a profound effect on floi/i resistance, particle shape is 
thus indirectly involved. There is also a direct effect 
aside from voidage. Oonsider, for example, packings com<-
posed of cylinders and rings of equivalent values of D , p 
^ith essentially the same voidage. Using identical columns 
and flo^ rates the pressure drop ^ill be higher for cylinders 
than for rings. The difference is attributed to the effect 
of pairticle shape. 
Porosity is closely related to shape and it could 
be used as the sole determining factor of porosity if the 
particles of a single size v»ere alviays packed in the same 
spatial arrangement. This, hoviever, can seldom, if ever be 
achieved in practice. Different porosities are to be ex-
pected vfith particles of the same shape through variations 
in the packing arrangement and both porosity and shape are 
required to define the porous medium. Shape of a particle 
or its related parameter, sphericity, is defined as the surface 
area of a sphere having the same volume as the particle 
divided by the surface area of the particle. 
The surface roughness of the packing is less sig-
nificant than the other variables but may become important 
in the highly turbulent region. Surface roughness has little 
effect on pressure drop in the laminar and early turbulent 
region and corrections for roughness in this flov? region 
may be neglected. If cases of extremely high flovi rates 
through packed beds are used the effect of surface roughness 
on pressure drop, cannot, in general be neglected. 
In aome oases, however, correction for surface 
roughness is not satisfactory. I f the surface is sufficiently 
rough it could influence particle shape and voidage and it 
lííould be difficult to ascertain vihat portion of the increased 
pressure drop is due to v»hich variable. 
Another surface property of importance besides 
roughness is surface viettability, as the vietting of a tov^er 
packing depends not only on the nature of the liquid, but 
also on the type of surface offered by the packing. If the 
packing is completely vietted by the liquid, more liquid is 
retained in the packing and adheres thoroughly to the surface 
forming a film, thereby decreasing the porosity and causing 
a further restriction to gas flov«. If the packing surface 
is non-vietting less liquid is retained in the column and 
hence the restriction to gas flom is not as great as for 
the vietting packing. 
It has been shovin by Goughlin (50) that vihen there 
vfas no liquid flov«ing through the column, but the packings 
viere vfet, the ceramic (vietting) packing displayed a greater 
(up to pressure drop than that through the polymeric 
ring (non-vietting) packing. As Prost et al (53) point out, 
it is not only the absolute amount but also the distribution 
of the liquid vihich is important. The increased pressure 
drop is in accord v«ith the expected differences in static 
hold-up among packings vfhich are v̂ et or not viet by the liquid 
Dynamic holâ-up, according to Coughlin (50) , appeared to 
be independent of the packing material, although Sviaaij et 
al (54) have shovin that dynamic hold-up ^as lovier for non-
getting packings. 
The difference in behaviour betvieen non^vietting 
and ^Netting packings can be explained by the stronger 
adhesion to the netting packing. A film of vfater, for 
example, remains and covers the surface of the vietting 
packing and offers resistance to gas flovi either by con-
striction or by absorbing energy from the gas stream to 
produce ripples or viaves in the adhering v?ater film. The 
v«ater remaining on the non-vietting packing, hov^ever, is not 
spread over the entire packing surface and due to poor 
adhesion is probably free to migrate to locations of minimum 
resistance to gas flovi. 
2 .42 The Fluid Properties. 
( i ) Liquid and gas density. 
( i i ) Liquid viscosity and surface tension. 
( i i i ) Foaminess and foam stability of the liquid. 
The effect of the fluid properties on flooding 
are usually considered to be of secondary importance com-
pared viith the packing characteristics, but nevertheless, 
are significant enough to viarrant some further discussion. 
For operating hold-up, for example the effect of 
surface tension varies v«ith the liquid rate. At lovi liquid 
rates, decreasing surface -tension results in decreasing 
operating hold-up, vihereas at high liquid rates decreasing 
surface tension increases operating hold-up. The effect 
of surface tension on static hold-up is independent of liquid 
rate, the effect is different for each packing, however, 
indicating that both the shape and nature of the packing 
material influence static hold-up. 
Care should be taken of the foaming characteristics 
of the liquid v»hen evaluating surface tension effects. Foam 
reduces the efficiency of packed column operation and brings 
about flooding earlier than viould otherviise be expected. 
If a decrease in surface tension results in foam formation 
then it is the latter vihich is most important and any surface 
tension changes viill be only of secondary importance and, 
generally, vfill be completely masked by the foam. Foaminess 
and foam stability, vihich do not appear to have been seriously 
considered in the past, are tv«o important factors to be 
accounted for in packed column operation. Also of import-
ance is a knoviledge of the relationship betv«een surface 
tension and foaminess vfhich indicates hov» far the surface 
tension can be reduced before foam begins to form. 
For given gas and liquid velocities the pressure 
drop through the packing increases viith increasing fluid 
viscosity. Dynamic hold-up increases vfith increasing viscos-
ity ^hile static hold-up is only affected to a very small 
degree. Dynamic hold-up decreases as liquid density is 
increased as does static hold-up but to a lesser extent. 
An increase in gas density is likely to increase the 
tendency toviard flooding. 
In summary, therefore, it v^ould appear that a 
decrease in gas density, liquid viscosity, liquid surface 
tension and foaminess and an increase in liquid density 
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A line diagram of the packed bed assembly used 
is shovin in Figure (3*l)a, and its location on the transient 
beam in Figure (3-l)b. The system studied vias air-viater. 
The column v«as constructed of glass or perspex to allov« 
visual observation, provision being made for pressure drop 
readings to be obtained by means of a viater manometer. To 
note the effect of column diameter on flooding rates, three 
columns of different diameters vnere used, namely, 1.8-inch, 
3.75-inch and 5.75-inch, all measurements being the inside 
diameters of the column. 
The packing support consisted of a viire gauze 
fixed in place by tirto horizontal cross bars. The column ̂ as 
suspended on the transient beam apparatus as described by 
Standish (55). The liquid v«as supplied to the column from 
a constant head tank and the flov» rate measured by a cali-
brated orifice meter. The rate v»as controlled by means of 
a gate valve. The gas flov» rate vías measured v̂ ith a calibrated 
orifice meter and controlled by a needle valve. The bottom 
end of the column vias immersed in a liquid seal tank provided 
viith an overflow» to maintain the liquid level in the tank at 
a constant height. 
3.12 Pro-fcher Addition« 
To note the effect of a frothing agent on flooding, 
a solution of Teepol and viater v«as prepared. The frother 
solution in the head tank vtas made stronger than required so 
that vihen added to the liquid it viould be diluted to the 
desired concentration. The flov« rate of the frother solution 
^as measured by a calibrated rotameter. It v»as introduced 
into the irrigating liquid some 2 inches upstream from the 
distributor. The concentration of frother vias maintained 
constant at various liquid rates investigated. Variation of 
the concentration vías brought about by suitable adjustments 
of the flo^ rates. To note the effect of variations in 
frother concentration, all other variables v^ere kept constant. 
3.13 Packings. 
The packings used v^ere:-
2/3-inch glass spheres, i-inch ceramic rings, i , f and f 
inch coke particles. The characteristics of each packing 
used are given in Table (l). j ^ A p p ^ n d k ^ 
Various heights of packing viere used and follov»-
ing these preliminary investigations the height vias standard-
ized at 12-inches. End effects viere negligible. 
The irregular shaped packings of coke v^ere used 
to add further to the flooding data already available and 
also to obtain a more realistic approach to the factors 
influencing blast furnace hanging. 
The packings viere also made non-vietting by sub-
merging the individual part ic les in molten v9ax shaking o f f 
the excess, and allo^ning them to coo l , thus forming a thin 
f i lm or coating of viax over the surface of the part i c les . 
Flooding ve l o c i t i e s viere then obtained f o r these packings 
and compared viith those of the ordinary vietting type. 
The packings chosen represented a viide range of 
shapes. Sphericit ies ranged from about 0.50 to 1.0. 
3*2 Procedure. 
Dry packing vias dumped into the column, a fevi 
part ic les at a time to allov» c loser and more stable arrange-
ment of the packing. The packing height f o r a l l runs was 
12-inches. The porosity wias measured by charging the packing 
to a column of the same diameter and f i l l i n g v»ith viater. The 
volume of viater divided by the volume of the bed gave the 
porosity . Porosit ies calculated from a knoviledge of mass, 
volume and density of the packixig viere in very good agreement 
viith those measured under actual experimental conditions. 
Where the number of packing pieces vias large, 
vfeighing of the to ta l packing and calculating the number of 
pieces from a sample of partic les of a given vfeight vias 
employed. Checking this method shovied that the f igures 
viere extremely accurate. 
Surface areas of the regular packings viere ca l -
culated in the normal manner. Por the irregular coke packings. 
Measurement 
direction 
Total projection = P = P, + 
Total edge area Crandom orientation^ = 4P8 
Total volume = AS 
•••Surface area 4P8 4P 
M ~ A 
Figure 3»2 Surface Area Measurement of Irregularly 
Shaped Particles. (Ref. 56) 
the part ic les v«ere mounted in cold setting resin, sectioned 
and the resulting surface area and to ta l projection measured. 
Reference to Figure (3*2) v»ill help explain the variables 
to be measured. The analysis is based on one of Gauchy's 
theorems (56) vihich states that the mean projected area 
of a plane surface \/fhich is randomly or iented in three 
dimensions is equal to one quarter of the surface area, 
i . e . Î = Aĵ  (3 .1 ) 
4 
vihere 3 i s the mean projected area and Aĵ  the actual surface 
area. 
I f a thin s l i c e (thickness i ) taken from a 
part ic le is considered, then the volume is given by the 
product of the section area and the thickness:-
V = î S 
Similarly, the projected area of the perimeter surface ob-
served in a direct ion lying in the plane of the section is 
given by the product of the thickness and the projected 
length of the part ic le section as seen in that d i rec t i on : -
Projected Perimeter Area = pC 
I f i t i s also assumed f o r the moment that the 
perimeter of that section is s u f f i c i e n t l y complex to 
present a truly random orientation of the perimeter surface, 
then the Cauchy statement reproduced above can be used to 
get the true perimeter surface area: -
- 3 8 -
Perimeter Area = 4P 
I f the case of very many part ic les sectioned in 
this ^ay i s considered, then there can easily be su f f i c i ent 
to ta l perimeter lengthsto ensure a truly random perimeter 
orientation and the result can be expressed as a r a t i o : -
Sectioned Perimeter Area _ ^p^ _ ^p 
Section Volume " T Ç ~ 
It is noted that the section thickness need not 
be determined. This is as viould be expected i f the sect ion-
ing is truly random, as both A and P can be measured from 
a single surface and must be the same for a l l random sections. 
The results can therefore be integrated over any number of 
thin sections to build up a bulk sample to obtain: -
Total Part i c le Surface Area = 4P (3 .2 ) 
Total Part i c le Volume A 
It i s viorth noting that the only assumption on 
the geometry of the part ic les and the ir mounting is that they 
be truly random in orientation and in distribution through 
the sectioned plane. A number of partic les v êre taken and 
an average surface area figure obtained. 
Philbrook ( l ) has presented a formula to calculate 
the s p e c i f i c surface vihich depends on the porosity, sphericity 
and surface average part ic le s i z e : -
S = 6(1 - € ) (3-3) 
When "bhe previous method of Cauchy's i s inconvenient the 
above equation (3*3) serves as a useful means of obtaining 
a reasonable estimate of surface area. 
Before any actual runs viere recorded the column 
^as completely vietted by the l iqu id . The liquid rate vías 
turned on f u l l so that any se t t l ing or re-orientation of 
the packing could take place. When the packing ¥»as stable 
and completely viet the l iquid vías cut o f f and the column 
allovied to drain. 
3.21 Flooding* 
The normal procedure of packed column flooding 
v?as adopted. The l iquid rate v«as set at a constant flovi 
rate and the gas introduced at a constant rate viell belovi 
the f lood point. After steady state conditions had been 
established, a l l measurements r̂̂ ere taken. The gas veloc i ty 
î as then increased and a f ter steady state conditions viere 
again established, measurements i/iere taken. This procedure 
Vías repeated at intervals of increased gas flovi until the 
f looding ve loc i ty had been exceeded. Once the flooding 
point had been determined and a l l data noted, both gas and 
l iquid rates viere shut o f f and the column allov^ed to drain. 
The l iquid rate vias then set at another constant value and 
the above procedure repeated. This resulted in a number 
of f looding points v»hich could be plotted, according to 
the Sherv»ood et al relationship, to shov» graphically the 
flooding data for that particular packing and column. 
In this study the flooding velocity vias deter-
mined by the transient beam method in conjunction i«ith 
visual observation and it v»as often noted that the flooding 
point vias the same for both methods. 
Visual observation of the flooding point vias de-
termined according to both the gas and liquid rates. At 
lov» liquid rates and high gas rates, flooding vias taken 
as the point at vihich liquid began to splash above the 
packing. At high liquid rates and lovt gas rates, flooding 
vias taken as the point at vihich the liquid eventually built 
up and just covered the packing. For these conditions i.e. 
lovi gas and high liquid rates, there vias no voilent bubbling 
or splashing, hence the need to distinguish betvieen the tvio 
types of flooding points. 
3.22 Froth Additions. 
After flooding data had been obtained for the 
normal air-viater system, the same procedure vias repeated 
viith the addition of the frothing agent to note any changes 
in flooding behaviour due to the presence of foam. 
Varying the concentration of frother to the 
column involved only a simple adjustment of the rotameter. 
Liquids of the various surface tension values. 
Table (2) viere prepared by the addition to viater of varying 






A - Air inlet 
B - Sintered glass membrane 
G Solution 
D - Graduated Cylinder. 
Figure 3-3 Foam Meter Apparatus 
deiierinined by "the du Noliy surface tensiomeiier. In a l l cases 
•the amounts of Teepol required v«ere insuff ic ient to cause a 
noticeable change in the physical properties of the v^ater 
i*e . density and v iscos i ty . 
The foaminess determinations viere obtained using 
a method similar to that of Ross and Clark (57). The 
apparatus used for these measurements is shov>n in Figure 
(3 .3 ) - Air vias introduced into the tube via a sintered 
glass membrane, causing the liquid to foam. The time for 
the foam meniscus to reach a certain height vfas recorded 
f o r each solution. In nearly every case the rate of form^ 
ation of the foam vias constant v»hen the rate of gas floi/« 
vias constant. 
too 
(a) Typical Pressure Drop Curves for Wetting Packings 
(|--inch Raschig Rings). 
lOO lOOO 
(b) Typical Pressure Drop Curves for Non-Wetting 
Packings (i-inch Raschig Rings). 
Figure 4.1 
4.0 RESULTS AND DISCUSSION^ 
The results of "this investigation are given in 
the Appendix vihilst the salient features of the results 
are presented here. 
4#1 Pressure Drop. 
Results of pressure drop curves for both vietting 
and non-vietting packings are shovin in Figure (4.1) a and b. 
The normal three segment l ine graph vias obtained in most 
oases supporting the viork of other investigators (18,38,39,42). 
In some cases vihen the liquid rate vías large the lovier break 
or loading point vías not observed. This vías probably due to 
the fact that the pore gas velocity exceeded the loading 
velocity even though the gas rate vías small and a further 
reduction in the gas flovi rate viould not have been experi-
mentally possible. 
It Vías also observed that f o r the same liquid and 
gas rates the pressure drop for the vietting packings vías 
greater than f o r the same non-vietting packing. This result 
vihile i t agrees viith the findings of Le Goff (32) disagrees 
viith that of Coughlin (50) viho reported no appreciable d i f -
ference in behaviour betvieen the packing materials. This 
indicates that Coughlin's pressure drop per unit packed 
height Vías the same for the ceramic and plastic packings. 
It Vías noted by Coughlin, hoviever, that vihen there vías no 
l iquid floviing through the column, but the packings viere 
t h e ceramic r i n g s d i s p l a y e d a g r e a t e r p r e s s u r e drop 
(by aboui; 30?í) t h a n the p o l y m e r i c r i n g s . T h i s d i f f e r e n c e 
viould be i n accord v9ith the expected v a l u e s of s t a t i c h o l d -
up among p a c k i n g s ^ h i c h are vietted or not v»etted by the 
l i q u i d . The h i g h e r p r e s s u r e drop i n the vjetted packing 
vfould a l s o be due t o i n c r e a s e d dynamic h o l d - u p . I t i s not 
the amount of l i q u i d f lov? ing through the packing t h a t i s 
important but i t s d i s t r i b u t i o n . 
As Le Groff ( 3 2 ) has pointed o u t , the main type 
o f dynamic h o l d - u p i n vietted p a c k i n g s i s f i l m flov» i n v^hich 
t h e l i q u i d covers a l a r g e area and i s v«ell d i s t r i b u t e d , 
hence p r e s s u r e drop i s expected to i n c r e a s e . I n non-^«etting 
p a c k i n g s vihich e x h i b i t r i v u l e t floin the l i q u i d area i s lovier 
and f lovi i s p r e f e r e n t i a l and hence lovier pressure drops can 
be expected. T h u s , v^hen the pack ing s u r f a c e i s not vietted 
by t h e l i q u i d , lovjer p r e s s u r e drops can be expected as a 
r e s u l t of lovier s t a t i c and dynamic h o l d - u p s and a l s o because 
of t h e poorer l i q u i d d i s t r i b u t i o n r e s u l t i n g from r i v u l e t 
f lovt. 
With the i n t r o d u c t i o n of a f r o t h i n g agent to the 
system a v e r y l a r g e i n c r e a s e i n p r e s s u r e drop vías observed 
even at lorn gas v e l o c i t i e s . T h i s v9as probably the r e s u l t 
o f t h e f o r m a t i o n o f a v e i y s t a b l e foam v^hlch spread t h r o u g h -
out the e n t i r e p a c k i n g c a u s i n g f u r t h e r r e s i s t a n c e to gas 
flo)« by i n c r e a s i n g p r e s s u r e g r a d i e n t e f f e c t s . 
4*2 FloodiDM> 
Al l da ta viere c a l c u l a t e d i n terms of t h e Sherviood 
e t a l r e l a t i o n s h i p , e q u a t i o n ( 2 . 1 1 ) . I t may be noted he re 
t h a t i n a n a l y s i n g f l o o d i n g phenomena i n b l a s t f u r n a c e s i t 
i s advantageous t o r e f e r t o t h e L .H.S . of t he Sherviood et 
a l e q u a t i o n as t h e hanging f a c t o r and t he R.H.S. as t h e 
f l u i d r a t i o . The p r e f e r e n c e f o r t h e s e p a r t i c u l a r c h a r a c t e r -
i z a t i o n s of f l o o d i n g , compared viith a l t e r n a t i v e s vihich a re 
a v a i l a b l e ( 38 ,39 ,41 ) i s t h a t t h e y i n c l u d e a range of 
v a r i a b l e s vihich a r e impor tan t i n t h e s e systems. Although 
some r e s u l t s (42 ,43) have been p resen ted i n d i f f e r e n t forms, 
c l o s e examinat ion r e v e a l s t h a t i n most cases the Sherviood 
e t a l c o r r e l a t i o n vías t h e b a s i s f o r t h e nevu r e l a t i o n s h i p 
put forviard . 
P r e l i m i n a r y i n v e s t i g a t i o n s , as noted e a r l i e r , 
vfere c a r r i e d out u s ing t h r e e d i f f e r e n t diameter columns. 
S i m i l a r r e s u l t s viere ob ta ined f o r t h e 3*75-inch and 5*75-
i n c h columns u s i n g i - i n c h ceramic Raschig r i n g s , but com-
p l e t e l y d i f f e r e n t r e s u l t s viere recorded f o r the s m a l l e r 
1 . 8 - i n c h column. As t he r a t i o of p a r t i c l e d iameter t o 
column d i ame te r vías only about 1.4 t he viall e f f e c t must 
have had a very s t r o n g i n f l u e n c e on column behaviour and 
t h e r e f o r e on t h e r e s u l t s . As the r e s u l t s f o r t h e l a r g e r 
columns viere t h e same i t i s r ea sonab le t o assume t h a t t h e 
vial l e f f e c t had been reduced a p p r e c i a b l y , and could be 
negleciíed vihile flooding data viere being recorded for -those 
columns. 
This fact also leads to the conclusion that viall 
effect can in most cases be neglected if the ratio of 
particle diameter to column diameter is less than 1.8. 
Obviously the greater the column diameter for a given size 
packing the less the viall effect and the more reliable the 
results, but there is a limit to the size of the column 
that can be used on a laboratory scale and a compromise 
must be made betvieen ^all effect and the liquid and gas flovi 
rates available to bring about flooding. It v»as for this 
reason that the 3.75-inch column vias chosen in preference 
to the 5.75-inch column, the v^all effect appeared to be the 
same, but the number of points obtained for flooding in the 
larger column only represented a very small part of the 
curve that viould have been produced using the smaller column. 
A voider range of results plus the fact that extrapolation, 
if required, v?ould be far more accurate, are some of the 
advantages of selecting the correct size column. 
The packing height was varied and eventually set 
at 12-inches as height apparently had little effect on flood-
ing. End effects viere negligible. 
As stated earlier the results for i-inch rings 
using the smaller column were different from those obtained 
for the larger columns. The flooding curve was above the 






i-inch Raschig Rings in 1.8-inch column 
Grenerally accepted Sherviood e"t al curve for all packings 
Shevmood ei; al results for f-inch Raschig Rings in 
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(b) Non-Wetting Packings 
Figure 4*3 Flooding Carves for Various Types of 
Packings (Sherviood Type Plot). 
generally accepted curve of Sherv»ood et al by a fac tor of 
ti»o, as shovin in Figure ( 4 . 2 ) . The results of Sherviood et 
al investigation using -l-inch rings in a 2-inch column are 
also shovin in Figure (4*2) and are belov» the f looding curve 
by a fac tor of tvio. 
Shei^ood et al explained their results as being 
due to v»all e f f e c t , the f looding point being reached at 
higher f l o^ rates in large than in small columns viith the 
same s ize packing. This explanation appears to be incorrect , 
as the present results imply, that higher flovi rates are to 
be expected in small rather than large columns viith the same 
s ize packing, as i t i s this rat io -vihich is a guide to viall 
e f f e c t . The greater the i/iall e f f e c t the greater the voidage 
and the higher the f looding rates . 
The results of vietting and non-v»etting packings 
are shov̂ n in Figure (4 .3)a and b and i t is quite apparent 
that the points do not plot on one curve as proposed by 
Sherwood et al even though their correlation vías used to 
represent the data. I t appears that the correlation did 
not include a l l the factors v^hich influence f looding. The 
fac tor ^hich seems most obvious to have an influence on 
f l ood ing , and not included, is that of particle shape, v»hich 
in terms of spheric i ty , ranges from 0.53 for f - inch ceramic 
Raschig rings to 1.0 f o r spheres representing a considerable 
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(b) Non-Wetting Packings. 
Figure 4.4 Effect of Packing Shape on Flooding. 
Sherwood et al oorrelation (in the ordinate) brought all 
the packings into coincidence and one flooding carve could 
be drav^n to represent the data for all packings regardless 
of shape* The effect of packing shape for both \'ietting and 
non-v»etting packings is shovin in Figure (4.4)a and b. 
The final result for the non-vietting packing vias 
not as good as that obtained for the vietting packing 
(compare Figure 4.4 a viith b) oviing to some scatter still 
remaining. Although the correlation is satisfactory for 
predicting flooding for non-^vietting packings there still 
seems to be some factor v^hich has been over-looked. Goughlin 
(50) has recently suggested that the usual correlation (2.11) 
for loading and flooding in packed columns may be inadequate 
for predicting performance v»hen the packing material is not 
vietted by the liquid phase. This could be the reason for 
the scatter of results mentioned above. The different type 
of liquid flo\i, rivulet as against film flo\n in \ietting 
packings, is most probably one of the factors responsible 
for the anomalous results. 
The incorporation of particle shape into the 
correlation has apparently never been attempted before, but 
other investigators have indicated that particle shape is 
important and have represented it indirectly by introducing 
a constant into their correlation. Thus, Bain and Hougen 
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Figure 4.5 Comparison of Wetting and Non-Wetting 
Packings. 
••b" in their correlation, equation (2.19) vihere b = 0.022 
f o r Raschig rings and viire helices and b a 0.26 for Berl 
saddles. Schoenborn and Dougherty (39) also noticed the 
influence of particle shape and accordingly adjusted their 
equation to take i t into account. 
Further evidence that particle shape is of im-
portance has been suggested by Hopkins and Davidson (49) 
^ith the creation of their factor to account for inter-
fac ia l shear. For random packings, hov«ever, Hovikins and 
Davidson have expressed some doubt as to v?hether the lovi 
values of are due to packing geometry or to interfacial 
shear. From the results i t seems l ike ly that the lovi values 
of are due to packing geometry and that interfacial 
shear is of secondary importance. 
Other investigators in the past have also found 
i t necessary to adjust their correlations according to the 
packing used. It appears that insuff ic ient information vias 
available at the time ^hen the majority of correlations vtere 
published and only indirect application of particle shape 
could be recognized. 
A comparison of the vietting and non-getting 
flooding curves of this investigation (Figure 4.5) shovis 
some interesting features. As dravin, the curve f o r non-
vietting is above that f or vietting, indicating that higher 
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(b) Non-Wetting Packings 
Figure 4»6 Effect of brother Addition on Flooding, 
in oiiher viords, iihe f looding tendency is reduced ;̂ihen the 
surface of the packing i s not vietted by the l i q u i d . This 
r esu l t , as pointed out ear l ier disagrees v^ith that of 
Coughlin (50) v«ho observed that poor vietting of the packing 
by the l iquid brought about greater tendency toviard loading 
and hence f looding . 
Loading and f looding in a packed tovjer is caused 
by the formation of standing vtaves, as proposed by Hovikins 
and Davidson (49) , on the l iquid f i lm at points viithin the 
packing vvhere the pressure gradient, due to acceleration 
of the gas, is maximum, that i s , at points in the column where 
voidage is loviest and therefore o f f e r s the greatest resistance 
to gas f l o ^ . 
On this basis the di f ference in behaviour betvieen 
vietting and non-getting packings can be explained by the 
stronger adhesion of l iquid to the vietting partic les as vtell 
as i t s d istr ibut ion ( i . e . area e f f e c t ) and type of flovi. 
According to Eckert (58) the addition of a vietting 
agent v«ill reduce the e f f i c i ency of the tov^er rather than 
improve i t , even though i t v»ill cause the liquid to more 
act ive ly v̂ et the packing i t s e l f . Prom the above reasoning 
i t can be expected that f looding tendencies are reduced 
vihen the packing is not i/̂ et by the l iqu id . 
The addition of a frothing agent to both the viet-
t ing and non-v»etting systems increased the tendency of the 
packed column to f l o o d . Figures (4 .6)a and b present the 
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Figure 4.8 Effect of Foam Ooncentration on 
Flooding (i-inch Haschig Bings). 
resal iis. 
Particle shape v»as again included to improve the 
correlation, as shovin in Figure (4 .7 )a and b. 
Comparison of Figures (4 . 4 ) and (4 .7) shovis the 
effect of frothing on flooding rates. 
The formation of bubbles (foam) is responsible 
for the marked difference in behaviour compared vjith the 
normal foam-free systems. The formation of bubbles through-
out the column leads to a greater resistance to gas flov» 
v^lth the result that the onset of flooding occurs earlier 
than vfould be expected. Foaminess and foam stability are 
t^o important properties that must be allovied for if flooding 
velocities are to be predicted from a knoviledge of flooding 
data of the same system obtained viithout the presence of a 
frothing agent. The viillingness of a solution to foam and 
its stability i . e . its resistance to breakage and collapsa-
bility viill determine the magnitude of the flooding velocity 
reduction by the frothing agent. 
As every run had been carried out ^ith constant 
frother addition, it vías necessary to knovi vihat effect the 
variation of frother concentration viould have on the flooding 
velocity. The results are shovin in Figure (4 .8 ) 
As the concentration v«as varied over a viide range, 
surface tension measurements v^ere acquired as it seemed 
reasonable to expect some influence from this variable. The 
r 
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Figure 4.9 Relationship Betvieen Surface Tension 
and RaiJe of Foam Formation. 
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concentrations and surface tensions of the solutions are 
l i s t ed in Table ( 2 ) . 
As a l l variables had been kept constant, including 
the packing H^inoh ceramic Raschig rings) and hence shape, 
the only factors that could have had any e f fec t on the f l ood -
ing results ^ere foam concentration and surface tension. 
The experimentally determined relationship betvieen foam 
concentration and surface tension is presented in Figure 
( 4 . 9 ) . This shovis the conditions under which foam is formed. 
There has been some discussion and concern in the 
l i t erature (11) on the e f f e c t that surface tension might 
have on f looding. Not as much v^ork has been reported on 
foam as other variables , but v̂ hat has been published has 
l e f t no doubt that i t has a pronounced e f fec t on packed 
column operation and e f f i c i ency (61) . 
In the derivation of their correlation, Sherviood 
et al investigated the e f f e c t of surface tension, but their 
results led them to conclude that surface tension had no 
e f f e c t on f looding ve lo c i t i e s within the range of variables 
employed. Reference to Figure (5) of their paper, however, 
does in fact show some e f f e c t of surface tension on f looding 
v e l o c i t y . 
Newton et al (45) investigated the surface tension 
e f f e c t by adding various amounts of Sterox to water. Their 
results are shown in Figure ( 2 . 3 ) . f igure (2 .4) shows the 
same data on the same plot vilth the exception that the 
abscissa includes as a fac tor the cube of the rat io of 
surface tension of v^ater to that of the solution. Neviton 
et al have completely disregarded a l l other factors except 
surface tension as being responsible f o r the marked d i f -
ference in results even though they state that foaminess 
and foam s t a b i l i t y are tv»o important factors that should 
not be overlooked. 
Other investigators (43,46) have reported second-
ary or minor incluences from surface tension although 
Hopkins and Davidson (49) report that i t is quite important 
f o r small s izes of packing. 
Surface tension and foam studies have been 
carried out by Eckert (58) viho reports that the addition of 
methanol to reduce the surface tension of the irr igat ing 
l iquid has no e f f e c t on the capacity of the packed bed, 
vihile the addition of a frother reduces the capacity of a 
packed bed very great ly . The addition of an anti-foam to 
the system tends to recover the capacity of the to^;ier. 
Thus, there is very l i t t l e point in making allov^ance f o r 
the capacity depression of packed beds due to changes in 
surface tension unless these changes are accompanied by 
foam, and then the alloviance should be made only to the 
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Figure 4*10 Hanging Factor versus Surface Tension 
for f-inch Raschig Rings. 
The present viork indicates both surface tension 
and foam affect flooding. Reference to Figure (4.9) shovis 
the conditions under v»hich foam is formed. No foam vías 
formed for surface tensions dov«n to approximately 40 dyne/cm, 
but belovi 40 dyne/cm foam began to form and increased 
rapidly v»ith decreasing surface tension. This result, vihich 
has not been reported before, clearly shoves the importance 
of surface tension and foaminess on flooding and more im-
portant it delineates the limits of their effect. From 
the above information it v̂ as therefore necessary to add to 
the abscissa both a surface tension and foam function. The 
surface tension term vias similar to that used by Neviton et al 
being the ratio of the surface tension of viater (72 dyne/cm) 
to that of the solution, raised to the 2.5 pov̂ er (see 
Figure 4.10) instead of the cube as used by Neviton et al, 
i.e. (^/cr)^'^* This correction vías applied only to those 
solutions vihose surface tensions viere greater than 40 dyne/cm 
For the solutions vihose surface tensions ^̂ ere less than 
40 dyne/cm and hence viere accompanied by various amounts of 
foam, a foaminess ratio vias^required. While surface tension 
probably still had some effect in the presence of foam, it 
is completely masked and only considered of minor importance. 
The foam factor employed v?as v̂ here ^ 
is a measure of the foaminess of the solution, expressed in 
seconds, and ̂ ^ is the value equal to 72 seconds in this in-
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Figure 4.11 Modified Flooding Correlaiion Including 
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Figure 4.12 Comparison of Flooding Carves for Wetting 
and Non-Wettinig Packings vfith and viithout 
the Addition of Foam, 
corresponds to a surface tension of 41 dynes/cm. Figure 
(4#11) depicts the results vihen surface tension and foam 
are accounted for and i t should be noted that i/̂ hen 
X = 2.5, Y = 0 f o r C 7 " > 40 dyne/cm foctno-^e) 
and 
X = 0 , Y = 1 f o r G T ^ 40 dyne/cm 
A comparison of vvetting and non-vietting packings, 
viith and v^ithout the addition of a frother is presented in 
Figure (4 .12) . 
These results clearly sho\i that i f the particles 
are non-vjetting then flooding tendencies are reduced. On 
the other hand, i f a foaming agent is added flooding viill 
occur earl ier , or in other v9ords, flooding tendencies are 
increased. 
i^oo+pofe.: 
% and y on sur^ce. 
and -foam , 
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5.0 APPLICATION OF RESULTS, 
In chemical and metallurgical engineering processes 
vihloh involve the operation of a packed column ^ith counter-
current gas-liquid flovi i t is of the utmost importance for 
the process to operate at maximum eff ic iency without the 
risk of irregular behaviour occurring. Packed columns are 
limited by the tendency of the column to flood vihich is 
brought about by an increase in the gas or liquid rates 
until such time as they exceed a certain cr i t i ca l value 
after ^hich the column floods and operation then becomes 
irregular and imeconomical* 
Whereas the height of an absorption tovier deter-
mines i ts absorption ef f ic iency, the cross section of a 
packed column determines the capacity or quantity of gas 
that can be treated vihile s t i l l maintaining smooth and 
regular operation. 
In the bosh region of a blast furnace "the bed of 
coke that separates the s t i l l solid burden from the liquid 
pool in the hearth behaves as a packed column ^ith counter-
current flovi of fal l ing liquids, both slag and metal, 
against a rising stream of high velocity gases". (62). 
E l l i o t t , Buchanan and Wagstaff (8) made the in-
genious observation that conditions in the bosh region of 
a blast furnace are similar to those in a counter-current 
gas-liquid extraction toYier in \ihich flooding and hence 
hanging occurs i f either the gas or liquid flo>ii rate is 
increased beyond a critical value. 
It follovis that the factors vihich affect flooding 
in packed columns are also the same factors that affect 
hanging in blast furnaces. These are therefore limited in 
much the same viay as packed columns by the flooding of the 
coke packing ^ith slag causing hanging and associated dif-
ficulties. 
It should, hoviever, be noted that there have been 
attempts to explain hanging from points of viev? other than 
that of flooding. Yuviano et al (63) observed irregular 
v^orking of furnaces belovi the Sherwood et al curve and ex-
plain the anomalous behaviour as being possibly due to re-
sistance to gas flo^ caused by an obstruction vihich moves 
do^n the entire height of the fu-rnace to cause an irregularity 
in the bosh region similar to flooding. The above explana-
tion of Yu^ano et al seems difficult to envisage as any such 
resistance to air flovi \iould almost certainly decrease as 
the obstruction moved slo^ily dovin the shaft. This is because 
it v^ould appear unreasonable to expect the obstruction to 
remain intact for the entire height of furnace as the bxirden 
almost certainly descends in an uneven manner and this viould 
break the obstruction apart. Yuviano et al have also suggested 
that the numerical values of the physical characteristics 
used ^ere possibly incorrect and that the relationship of 
Shei^viood et al may not be suitable for predicting hanging in 
3 • S i i V - 3 2 3 K 5 6 t H r * 
Figure 5.1 Blasii Furnace Data Presented on a Shervfood 















v j ' 
—Z7 








•-V J k I 1 
~r 
0 100 200 300 m BOO 600 700 800 800 1000 VOO 1200 1300 i m 
Figure 5 .2 Blast Furnace Data Plotted as a Function 
of Wind Rate (ordinate) and Slag Rate 
(Abscissa). 
blast furnaces. Aliihough this conclusion is most probably 
valid i t is also possible that the unusual results vihich 
they obtained may have been caused by foamy slags. 
As the present results shov», non-getting packings 
in the presence of foam flood earlier than ifletting packings 
vfithout foam (vihich is the curve presented by Sherviood et a l ) . 
Thus, a possible lack of the control of slag composition 
vfould have resulted in a foamy slag vihich loviered the f lood-
ing velocity and caused irregular ^^orking of the furnace. 
Another possible explanation is i f the fusion zone v<as 
loviered drastically belovi the level for v»hich the furnace 
Vías designed, the stock is s t i l l being heated and expanding 
vihen i t reaches the constricting lines of the bosh. I f the 
furnace offers no room for the necessary expansion, the 
charge must be compacted viith resultant bridging, hanging 
and an increase in blast pressure. 
Similar findings to Yuviano v?ere reported by Beer 
and Heynert (3) v»ho plotted some actual blast furnace data 
according to the Sherviood et al relationship, as shovin in 
Figure {5 .1 ) , but found that i t vtas not completely suitable 
f or predicting irregular furnace behaviour. A better, a l -
though s t i l l not completely satisfactory correlation of 
viind rate against slag rate vías proposed. Figure (5.2) 
shovis the same results as in Figure (5-1) but plotted on 
nevf co-ordinates. The Sherviood et al curve for these 
parameters i s included and appears to be in good agreement 
at high slag rates. I t can be concluded from this that 
those furnaces vahóse points plot above the curve have been 
operating irregularly , whereas on the original Sherv?ood plot 
Figure they viere belo\i the f looding point and there-
fore assumed to be operating smoothly. 
Although smooth operation of blast furnaces is 
important to furnace productivity i t should be noted that 
in the absence of hanging the productivity is limited by 
the f lu id izat ion of the charge at the stockline as shovin by 
Bogdandy et al ( 4 ) . Therefore i t i s clear that f o r maximiM 
productivity blast furnaces should be operated at ve loc i t i es 
just beloi;i those f o r incipient f lu id izat ion and these 
v e l o c i t i e s should also be belovi those at vihich f looding 
v«ould occur. 
As the present results shovi, i f the packing is 
not vietted by the l iqu ids , flooding tendencies are reduced. 
This means that f o r a given liquid rate higher gas ve loc i t i es 
can be used vihile s t i l l maintaining a smoothly operating 
furnace. A corol lary of this fact is that the generally 
accepted curve of Sherviood et al i s misleading in blast 
furnace analysis since this flooding l ine only represents 
the conditions in vihich the packing is vietted by the l iqu id . 
As coke is generally not vietted by slag the Sherviood et al 
relationship is not applicable to the conditions prevailing 
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Figare 5.3 Correlation of Plooding of Packed Columns 
(Elliott, Buchanan and Wagstaff.) 
in blast fxirnaces. It has been accepted in the past that 
most blast furnaces are operating very close to their limit 
i.e. the flooding point, according to Sherv̂ ood et al, see 
Figure (5.3) • The present results, hoviever, suggest that 
they are operating in reserve. 
Equally as important as the surface properties of 
the packing and perhaps one of the more critical factors not 
included in any of the existing flooding relationships is 
that of liquid foaming. 
Prom the results of this investigation and those 
of Kevfton et al (45) and Sckert (58) it can be seen that 
foaming liquids can give rise to flooding at "hanging 
factors" vihich may be an order of magnitude lovier than 
viould be expected from the same liquid if no foaming took 
place. In this connection the foaming properties of blast 
furnace slags and the effect vihich they may have on hanging 
assume great significance. Since little is knô n̂ about the 
factors vihich induce frothiness of slags under furnace 
operation it seems logical to expect foam formation and 
stability to be influenced by slag composition and surface 
tension. In fact, Shavrin (2) has shovin that an increase 
in the FeO concentration of the slag leads to a considerable 
reduction in its viscosity and also a slag ̂ ith high iron 
oxide content easily foams in contact î ith carbon. 
Another factor of importance in packed column and 
blast furnace operaiiion is that of particle shape, vihich, 
like liquid foaming, has not been considered important enough 
to viarrant any recognition by the majority of investigators 
in the past. Lavin (64), hoi/iever, realized the effect and 
importance of particle shape on flooding and accordingly 
introduced a packing shape factor into his correlation. The 
disadvantage of the ^ork of Lavin is that flooding velocities 
VIere determined using only liquid dov^nfloi? and not for 
counter-current gas-liquid flovi. Nevertheless it substan-
tiates the present i?»ork vihich is more closely related to 
packed column and blast furnace operation. 
Inspection of the present results reveals the im-
portance of particle shape and at the same time suggests 
that the shape most beneficial to reducing flooding and 
hanging tendencies is that of a sphere. Other advantages 
of a spherical shape compared viith that of other shapes is 
its lovier surface area vihich ^ould lead to decreased re-
activity and hence to decreased solution losses. Moreover, 
under othervjise identical conditions spherical coke should 
have enhanced mechanical strength and give better burden 
permeability. In fact, regular shapes of the burden con-
stituents, in general, are knovin to enhance permeability 
and therefore production rate. Although the foregoing 
applications have been specifically directed to blast furnaces 
the factors of particle shape and foaminess, can and should 
be, applied to packed columns as \iell. The non-vtetting 
propearfcy of the packing, is of course, undesirable in ab-
sorption as complete vietting of the packing is essential 
f or e f f i c i ent and economical operation of any absorption 
tov^er. 
Finally, i t should be noted that although con-
ditions in operating blast furnaces and absorption toviers 
are much more complex by comparison viith the present in-
vestigation, the fact that the underlying principles are 
identical should give added confidence vihen translating 
laboratory data to practice. 
6.0 CONCLUSION. 
The presenil investigaiiion has revealed iihe inw 
portance of a number of variables affecfcing flooding in 
packed columns vihich do not appear to have been considered 
or included in f looding correlations in the past. These 
variables are : -
( i ) Part ic le surface viettability 
( i i ) Part ic le shape; and 
( i i i ) Foaming properties of the l iqu id . 
( i ) This investigation has shovin that there i s 
a marked dif ference betvteen the f looding rates of ?»etting 
and non^vietting packings. Non-Getting packings have been 
found to reduce the tendency of f looding. This means that 
f o r a given l iquid rate higher gas ve loc i t i es can be used 
^hile s t i l l maintaining a smoothly operating column. This 
resu l t , v9hich has not been reported previously, should be 
of particular relevance to l iquid metal and slag irrigated 
systems. 
( i i ) It vias also shovin that for constant con .̂ 
dit ions of experiment the flooding ve loc i t i es of the various 
packings considered is represented by a single correlation 
v i z ; -
___ 'fkjL g ^ ^ ^ 
This correlation sho^s that packing shape, v«hich 
has not been considered by other investigators as a factor 
in f looding imder a ti?»o phase flo^^ regime, i s a s igni f icant 
variable in these systems. It i s suggested that this result 
constitutes additional proof f o r the Hopkins and Davidson 
pressure gradient model of f looding and c l a r i f i e s the mean-
ing of their factor f o r random packings, v i z , that i t 
represents the e f f e c t of packing geometry rather than inter-
f a c ia l shear. 
One pract ical result of the observed e f f e c t of 
part i c le shape on f looding is that f looding rates may be 
expected to be higher f or packed columns viith material of 
spherical geometry. 
( i i i ) The results have also shovin that the 
presence of foam drast ical ly reduces the value of f looding 
v e l o c i t y . I t Vías shov̂ n that this e f f e c t is s igni f icant only 
a f te r a threshold value of surface tension i s exceeded. 
Under the conditions of this investigation and in the range 
of l iquid rates and physical properties considered this 
value is 40 dynes/cm. Varying the surface tension of the 
l iquid also changes the foaminess properties of the solution. 
Y/hen a reduction in surface tension i s accompanied by foam 
i t i s the l a t t e r variable v^hich assumes greater importance. 
A modified Sherviood et al equation to allovj f or changes in 
l iquid surface tension and foaminess i s presented belovi:-
It is consiaerea that this relationship shouia be appli-
cable to all similar counter-current gas-liquia systems. 
If, as theoretical ana practical eviaence sug-
gests, that blast furnace hanging is similar to flooaing 
then the results of this investigation have aefinea a nevi 
flooaing line vthich shouia better represent the physical 
conaitions in the melting zone of the blast furnace. The 
fact that reportea anomalies of hanging blast furnaces, 
v«hen using Sheî viooâ s et al line, aisappear v̂ hen the results 
are analyzea accoraing to the nev« line, is strong support 
for the valiaity of the present results. 
Future stuaies, particularly viith high temperature 
systems and varying slag frothability to better simulate 
actual conaitions, are clearly inaicatea. 
7 .0 NOMEHCLATUBE. 
a,S - Total surface area of packing 
(fl:. Vft.-' •fcov̂ er voliime). 
A, B - Packing conaiiants. (equ. 2.30). 
, p 
A - Mean projected area (fis. ) . 
Aĵ  - Actual surface area (ft. ) . 
b - Intercept of liquid hold-up versus 
liquid velocity curve vihen plotted 
on log. co-ord. 
B - Liquid flov) rate {m.^ /m.^r . ) (equ. 2 .1 ) . 
0 ,0^,0^ - Constants. 
D - Column diameter ( f t . ) , 
c 
D - Particle diameter ( f t . ) . 
P 
B - Surface average particle size ( f t . ) . 
9 
F - Fraction of free volume in packing 
(ft.Vfii-^)-
p - Friction loss in continuous phase ( f t . ) , 
c 
Fjj « Friction loss in dispersed phase ( f t . ) . 
F - Fractional drained void in the packing 
G.(j - Superficial mass velocity of gas 
( Ib . /hr . ft . ^ ) . 
P 
a - Mass gas velocity at flooding ( ib . /hr . ft . ) . 
- Acceleration due to gravity (ft. /sec. )• 
c 
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h aifference in height of column (ft») 
(equ. 2.25) . 
h Pressure drop in gas stream 
(ft , of irrigating liquor/ft. of column 
height). 
H .hj Total hoia-up (ft.V^ii*^)* 
Hp A contribution to hold-up at rest in the 
column due to liquid flov? (ft^V^^»^)* 
Liquid hold-up of viater (ft.V^'t*^)* 
IDynamic hold-up (ft.Vi"^*^)* 
Hg,hg Static hold-up (ft.V^'^i«^)-
aas hold-up ( ft .Vf ' t . ^ ) . 
Constants. 
H,L,Z,Z^ jZg - Height of bed ( f t . ) . 





Pressure drop in packing ( lb . / ft . ) . 
p Pressure ( Ib . / ft . ) . 
u Superficial velocity ( Ib . /hr . ft .^ ) . 
Superficial fluid velocity measured at 
lii 
average pressure ( Ib . /hr . ft . ^ ) . 
Superficial gas velocity ( ft . /sec . ) . 
V Total volume of particle ( ft . ^ ) . (p 37). 
V Kinematic viscosity of liquid (centistokes) 
(equ. 2.15) . 
- True gas velocity based on free fraci;ional 
cross section of column (ft./sec*) 
(equ. 2.9). 
W^ - Work (ft.). 
Fractional hold-up of dispersed phase 
(ft.^ dispersed phase/ft.^ total volume). 
Greek Letters;-
^ - Defined as - dp/dz = « ^ g (Hef. 49). 
- Constants (equ. 2.3). 
S - Thickness of sectioned particle. 
€ - Fractional void volume. 
^ - Density of fluid. 
^ - Surface tension of liquid. 
^ - Foam factor. 
Factor correcting for gas density, 
yi^O.075)^-^ 
^ - Sphericity or shape factor. 
Viscosity of fluid. 
Subscripts, 
g - Ratio of liquid to that of ̂ ater. 
a - G-as. 
L - Liquid. 
^ - Water. 
0 - Goni;ìnuolis phase 
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Table 
Characteristics of Each Packing Investigated. 





Glass Spheres 0.66 61.6 0.41 1.0 
inch Coke 0.37 350 0.50 0.68 
i-f inch Coke 0.62 100 0.50 0.68 
f-1 inch Coke 0.87 60 0.44 0.80 
Ceramic Rings 0.50 99 0.59 0.53 
Table 2. 
Surface Tension and Concentration Values, o-p T^^f^ 








Relationship Between Surface Tension and 
Poam Factor 









Experimental Flooding Data for i-inch '^e.it'mq 
Raschig Rings in 1.8-inch Diameter Column. 
Packing Height = 1 ft., a = 91 ft.Vi^»^» 
P 0.593, ^ = 62.4 Ib./ffc.^, 
^ ^ = 1.0 centipoise, 
















Experimen1;al Pressure Drop Data f o r i--inch Rasehig Rings. 
Wetting Packing. 
L AP G 
I b . / h r . f t . ^ in .HgO/f t . I b . / h r . f t . ^ 













Table 5 cont« 
L ^ G 
I b . A r . f t . ^ in .HgO/f t . I b . / h r . f t . ^ 
3.15 265 
4 .00 275 
7 .30 284 











8330 1.94 82 
2.30 9 3 
2.70 103 
3.70 118 
5 .20 131 
Table 5 cont. 
L AjP G 
I b . / h r . f t . ^ in .HgO/ft . Ib . /hr . f-t .^ 






Experimental Pressure Drop Data for 
•|-inch Raschig Rings. 
Non-Wetting Packing. 
L AP G 
I b . / h r . f t . ^ in.HgO/ft . I b . / h r . f t . ^ 








5610 1.33 168 
1.60 190 
Table 6 oont . 
L 4 ? G 



















8360 2.16 120 
2.80 142 
Table 6 oont. 
ÎL G 















Table 7 . 
Experimen-tal Flooding Data for 2/3-inch Spheres, 
a = 61.6 f-b.^/fii.^, P = 0 .41 , tp = 1.0 
62.4 I b . / f t . ^ 
1 .0 centipoise. Diam. of Col . 3.75 in. 
L and G in ( ib . /hr .ft . '^ ) . Foa ffí Cone. 0'OSO°/o 
Non-Watting Wetting Non-Wetting Wetting with 
viith Poam Foam 
L a L G L G L G 
7850 378 2240 388 2430 241 3025 265 
9350 360 3390 327 3300 229 3480 241 
10980 293 3930 310 4500 200 4240 216 
12200 235 4830 284 5000 165 4610 200 
14800 190 5180 265 5150 149 5410 183 
14300 165 5660 252 5180 120 5720 165 
15400 149 5980 241 6000 113 6000 149 
16940 131 6600 229 6480 90 6400 131 
17500 113 6850 216 6840 85 6800 113 
19450 90 7200 200 7200 74 7530 90 
20200 80 7650 183 7350 65 7700 85 
21200 74 8650 131 8860 58 8260 74 
9600 90 9050 42 8250 65 
10600 74 9700 58 
11700 58 10250 42 
12200 47 
Table 8. 
Experimental Flooding Data f o r f - 1 inch Coke Par t i c l e s , 
a = 60 f t . ^ / f n J , P = 0.44, (f^ » 0.80 
s: 0.075 I b . / f t . ^ , A = 62.4 I b . / f t . ^ 
^ ^ = 1.0 cent ipoise , 'Diam. of Col. 3.75 in . 
L and G in ( i b . / h r . f t . ^ ) 
Non-Wetting Wetting Non-Wetting Wetting with 
with Foam Foam 
L G L 6 L G L G 
5850 327 4810 293 3200 265 3170 229 
6720 284 5680 229 4030 241 3690 200 
7320 270 6330 183 5070 200 4010 183 
7920 229 8300 131 5960 165 4570 165 
8650 200 9080 90 6220 149 4710 149 
9060 165 9600 90 6790 131 5100 131 
9450 149 10200 58 7140 113 5520 113 
10720 138 10500 58 7770 90 5970 90 
10700 113 7800 80 6100 85 
11400 90 8450 74 6300 80 
12200 85 8850 58 6560 74 
12700 74 9460 52 6670 65 
12800 65 9770 42 7010 58 
13350 58 9370 33 7240 52 





Experimental Flooding Data f o r •J-f inch Coke Part ic les 
a = 100 fH .^ / t t .^ , P = 0.50 = 0.68 
^ ( j = 0.075 I b . / f t . ^ , ^ = 62.4 I b . / f t . ^ 
= 1.0 centipoiae, Diam. of Col. 3«75 in . 
L and G in ( i b . / h r . f t . ^ ) . 
Non^V/etting Wetting Konr-y/etting Wetting V • i th 
with Foam Foam 
L G L G L G L G 
2570 360 1695 392 1380 252 825 241 
3630 315 1970 360 1720 229 1620 216 
3970 293 2230 310 2190 200 1790 200 
4860 252 2710 265 2540 183 2160 183 
5620 216 3400 241 2860 165 2480 165 
6340 183 3930 216 3180 149 2780 149 
7150 165 4440 200 3580 131 3320 131 
7950 149 4850 183 3890 113 3720 113 
9040 131 5250 165 4410 90 4280 90 
9730 113 5360 155 4650 85 4510 85 
10900 90 6000 149 4820 80 4650 74 
11650 74 6220 139 5100 74 4700 65 
11850 65 6600 131 5080 65 5020 58 
12530 58 6780 124 5350 58 5340 52 
13520 52 7300 113 5860 52 5610 42 






Experimental Flooding Data f o r i - i inch Coke Part ic les 
a = 350 f l i J / f - t J , F = 0.50 = 0.68 
^ ^ = 0.075 I b . / f t . ^ , = 62.4 I b . / f t . ^ 
^ ^ = 1.0 centipoise , Diam. of Col. 3.75 in . 
L and G in ( i b . / h r . f t . ^ ) 




L G L G L G L G 
1590 276 792 229 476 165 830 131 
1945 241 1180 200 708 149 1100 113 
2500 216 1695 131 1020 131 1555 90 
2880 200 1980 125 1360 113 1740 80 
3480 183 2220 115 1820 90 1910 74 
4200 149 2790 100 1970 76 1970 65 
4900 131 3320 80 2220 74 2180 56 
5200 113 4010 58 2260 65 2335 52 
5960 90 4530 42 2510 58 2440 42 
6650 80 4730 33 2560 52 2945 33 
6670 74 5540 19 2800 42 3490 19 
7180 58 3180 33 





Experimental Flooding Data f o r i inch Rasohig Rings. 
= 99 t t . ^ / t t . ^ , F = 0.59 ( p = 0.53 
^ ^ « 0.075 I b . / f t . ^ , A » 62.4 I b . / f t . ^ 
= 1.0 centipoise , 'Diam. of Col. 3*75 in . 
L and G in ( i b . / h r . f t . ^ ) 
Non^Wet-ting Wetting Non^Vi'etting Wetting with 
viith Foam Foam 
L G L G L G L G 
3560 412 1780 412 2120 342 1790 310 
4720 372 2790 372 2950 310 2280 293 
5610 342 3930 310 3760 284 2670 265 
6250 310 4810 293 4190 265 3680 241 
6750 276 5650 284 4580 241 3960 229 
7650 241 6380 252 5000 216 4850 200 
8360 200 6920 200 5480 200 5260 183 
9250 183 7400 165 5810 183 5480 165 
9050 165 7730 149 6200 165 5800 149 
9450 149 8300 131 6440 149 6040 131 
10020 131 8750 113 6790 131 6160 113 
10700 113 9080 90 7140 113 7000 90 
11900 90 9860 58 8300 90 7550 8o 
11900 80 8480 80 7900 65 
13320 74 8900 74 8700 58 





Experimental Floodijog Data f o r -l-inch Raschig Ringa 
Ef fec t of Frother Concentration, 
a = 99 f - t . ' ^ / n J , F = 0.59 
= 62.4 I b . / f t . ^ , P ^ = 0.075 I b . / f t . ^ , 
yfiU - centipoise, ' 
L and G in ( I b . / h r . f t . ^ ) 
Cone. O.OOIji Cone. 0.015i Cone. 0.075?^ Cone. o.io?i 
L G L G L G L G 
1l8l 293 1154 276 1200 252 1151 200 
1670 252 1715 229 1730 200 1720 166 
2250 200 2240 165 2235 149 2230 131 
2475 165 2535 149 2785 124 2510 113 
2790 149 3420 99 3370 80 2760 58 
3420 113 4000 33 3400 42 
4020 58 3940 19 
Sample Qaloulation« 
Packing i - inch Raschig Hings. 
Column Diameter = 3*75 inch* 
a = 99 n . ^ / n . ^ , F = 0.59 ^ = 0.53, 
iO^ = 0.075 I b . / f t . ^ , = 62.4 I b . / f t . ^ 
JUU- centipoise, g = 32.2 f t . / s e c . 
L and G- measured at the flooding point. 
L = 532 1b . /hr . , G = 3.45 ft.V^^^in. 
L sr 532 l b . = 532 = 6920 l b . 
hr. 0.0768 h r . f t . ^ 
G = 3-45 f t . ^ = 3.45 x 0.075 = 0.259 lb . 
min. min. 
= 0.259 X 60 = 202 lb . 
0.0768 h r . f t . ^ 
V = 3.45 = 0.75 f t . 
0.0768 X 60 sec. 
Hanging Factor, H.P. = V^. a. 
/ A \0.5 Fluid Ratio, F.R. = L. ' ' 
G 
H.P. = (0.75)^. 99 . 0.075 x 1.0 = 0.0191 
32.2 (0.59)^ 62.4 0.53 
P.H. = 6920. (0.075)° '^ = 1.19 
202 ¡62.4 
